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Co-doped  NiO  nanoflake  arrays  with  a  cellular-like  morphology  are  fabricated  by  low  temperature  chem¬ 
ical  bath  deposition.  As  anode  material  for  lithium  ion  batteries  (LIBs),  the  array  film  shows  a  capacity 
of  600mAhg_1  after  50  discharge/charge  cycles  at  low  current  density  of  lOOmAg-1,  and  it  retains 
471  mAhg-1  when  the  current  density  is  increased  to  2  Ag-1.  Appropriate  electrode  configuration  pos¬ 
sesses  some  unique  features,  including  high  electrode-electrolyte  contact  area,  direct  contact  between 
each  naonflake  and  current  collector,  fast  Li+  diffusion.  The  Co2+  partially  substitutes  Ni3+,  resulting  in  an 
increase  of  holes  concentration,  and  therefore  improved  p-type  conductivity,  which  is  useful  to  reduce 
charge  transfer  resistance  during  the  charge/discharge  process.  The  synergetic  effect  of  these  two  parts 
can  account  for  the  improved  electrochemical  performance. 

©  2011  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  ion  batteries  (LIBs)  now  dominate  the  portable  elec¬ 
tronic  market,  but  they  fall  short  of  satisfying  needs  for  high  power 
and/or  capacities  for  applications  such  as  power  tools,  electronic 
vehicles  or  efficient  use  of  renewable  energies  [  1  ].  Conversion  reac¬ 
tions  of  interstitial-free  3d  metal  oxides  have  been  shown  to  be 
highly  reversible,  providing  outstanding  capacities  to  store  lithium 
[2-12].  However,  a  major  drawback  of  the  conversion  reactions  is 
their  poor  kinetics  related  either  to  intrinsic  poor  electronic/ionic 
conductivity  of  the  electrode  materials  or  to  inadequate  means  of 
configuring  the  electrodes. 

Recently,  self-supported  nano-material  arrays  directly  growing 
on  current  collector  represent  the  feasibility  of  improving  the  kinet¬ 
ics.  These  electrodes  show  several  unique  advantages,  such  as  high 
accessible  surface  area,  easy  accessibility,  good  cohesion  to  current 
collector,  and  features  on  the  nanometer  scale.  Li  et  al.  demon¬ 
strated  that  the  mesoporous  Co304  nanowire  arrays  on  Ti  foil  as 
anodes  for  LIBs  maintained  a  capacity  of 700  mAh  g_1  after  20  cycles 
at  a  current  of  1  C,  and  retained  50%  of  the  capacity  when  the  current 
was  increased  to  50  C  [13].  The  self-supported  Ni3S2/Ni  nanoarchi- 
tectured  electrode  exhibited  a  sustained  reversible  capacity  at  2  C 
with  a  loss  of  only  18%  after  20  cycles  [14].  Kim  and  co-workers 
reported  that  the  self-supported  SnS  nanosheets  possessed  good 
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cycling  performance  and  superior  rate  capability  of  380  mAh  g-1  at 
20C  [15]. 

Chemical  bath  deposition  (CBD)  is  a  prevalent  low-temperature 
aqueous  technique  for  directly  depositing  large-area  thin  film  with 
self-supporting  architecture  of  semiconductors  [16-18].  In  addi¬ 
tion,  it  is  theorized  that  if  cation-deficient  solid  solutions  could 
be  retained,  good  p-type  conductivity  should  result,  which  is  well 
demonstrated  by  transition  metal  oxides  [19-22].  In  the  special 
case  of  NiO,  Co-doped  NiO  hexagonal  nanoplatelets  in  the  form  of 
powder  materials  with  improved  electrochemical  performance  in 
the  application  of  supercapacitor  have  been  reported  [23].  More¬ 
over,  the  direct  growth  of  self-support  active  materials  on  current 
collector  is  an  important  issue  for  their  potential  application  in  the 
next-generation  LIBs. 

Here,  we  report  a  one-step  method  for  producing  Co-doped  NiO 
thin  film  by  CBD  with  an  appropriate  adding  amount  of  C0SO4.  The 
resulting  electrode  not  only  shows  self-support  nanoflake  arrays 
but  also  possesses  better  electronic/ionic  conductivities  due  to  the 
doping  of  cobalt  and  nanoflake  arrays.  Using  such  electrodes,  they 
show  high  capacity,  good  cycling  performance  and  high  rate  capa¬ 
bility.  To  the  best  of  our  knowledge,  it  is  the  first  time  to  report 
Co-doped  NiO  self-support  arrays  fabricated  by  CBD  toward  elec¬ 
trode  materials  for  LIBs. 

2.  Experimental 

Co-doped  NiO  nanoflake  arrays  were  synthesized  by  chemi¬ 
cal  bath  deposition  method  modified  from  our  previous  reports 
[24,25].  Specifically,  38.8  mmol  NiS04,  1.2  mmol  CoS04  and 
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Fig.  1.  XRD  patterns  of  pure  NiO  and  Co-doped  NiO  (a),  and  XPS  wide  spectrum  of  Co- 
of  NiO  (c)  and  Co-doped  NiO  (d). 
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NiO  film  (b),  the  insets  are  Ni  2p  and  Co  2p  spectrum,  respectively,  0  Is  spectrum 


7.4  mmol  I<2S208  were  dissolved  in  10  ml  of  concentrated  ammo¬ 
nia  and  90  ml  of  deionized  water.  For  comparison,  pure  NiO  thin 
film  was  also  prepared  with  the  same  process  without  addition  of 
C0SO4.  After  deposition  on  the  pre-treated  commercial  Ti  foil,  the 
films  were  calcined  in  a  tube  furnace  at  350  °C  for  2h  in  flowing 
argon.  If  the  deposition  time  is  2  h,  the  thickness  is  about  980  nm 
for  pure  NiO  film  and  about  360  nm  for  Co-doped  NiO  film,  respec¬ 
tively.  For  comparison  on  their  electrochemical  performance,  the 
deposition  time  is  cut  to  20  min  for  pure  NiO  film,  resulting  in  nearly 
the  same  thickness  of  both  films.  Some  samples  were  also  deposited 
on  silicon  wafers  and  slides  to  facilitate  characterization  of  XRD  and 
measurement  of  Hall  effect. 

CR-2025-type  coin  cells  were  assembled  in  a  glove  box  under 
argon  atmosphere,  where  the  as-prepared  NiO  electrodes  were 
used  as  working  electrodes  and  lithium  foil  as  counter  electrode 
and  reference  electrode.  The  electrolyte  was  1  M  LiPF6  in  ethy¬ 
lene  carbonate  (EC)-dimethyl  carbonate  (DME)  (1:1  in  volume). 
The  galvanostatic  charge-discharge  tests  were  conducted  on  LAND 
battery  program-control  test  system.  Cyclic  voltammetric  (CV) 
measurements  of  the  electrodes  were  performed  on  a  CHI660C 
electrochemical  workstation  with  a  scan  rate  of  0.1  mV  s-1  between 
0  and  3  V  (vs.  Li/Li+).  The  electrochemical  impedance  spectroscopy 
(EIS)  of  the  electrodes  was  also  carried  out  on  CHI660C  with  a  fre¬ 
quency  range  of  0.01  Hz  to  100  kHz.  Before  the  measurement,  the 
electrodes  were  cycled  for  eight  cycles,  then  discharged  to  2.7  V  and 
kept  until  the  open-circuit  voltage  stabilized. 


The  microstructure,  surface  morphology  and  composition  of  the 
as-prepared  NiO  films  were  characterized  by  using  X-ray  diffrac¬ 
tion  (D/max  2550-PC),  in  which  a  glancing-angle  mode  with  the 
incident  beam  at  an  angle  of  4°  was  employed,  X-ray  photoelec¬ 
tron  spectroscopy  (XPS,  AXIS  UTLTRADLD  equipped  with  a  dual  Mg 
Ka-Al  Ka  anode  for  photoexcitation)  and  field  emission  scanning 
electron  microscope  (FESEM,  S-4800  coupled  with  EDX).  Hall  effect 
measurements  were  carried  out  on  HL5500  Hall  system. 

3.  Results  and  discussion 

Fig.  la  shows  the  XRD  patterns  of  NiO  and  Co-doped  NiO  films. 
The  diffraction  peaks  of  both  films  can  be  well  assigned  to  face- 
centered-cubic  (FCC)  NiO  (JCPDS  78-0643),  and  no  obvious  peaks 
for  cobalt  oxides  or  other  impurities  are  detected,  implying  that  the 
cobalt  doping  does  not  change  the  original  NiO  structure.  Broader 
peaks  in  XRD  pattern  make  it  difficult  to  observe  the  obvious  shift 
after  the  doping  Co  into  NiO  thin  film.  The  corresponding  XPS  pro¬ 
vides  further  structural  information  for  the  obtained  films.  Fig.  lb 
shows  the  XPS  wide  spectrum  of  Co-doped  NiO  film.  Characteristic 
peaks  in  the  inset  of  Fig.  lb  represent  Co  2p  of  CoO  [26].  Ni  2p3/2 
peak  includes  two  components,  one  at  854.4  eV  due  to  Ni-0  bonds 
and  the  other  one  at  855.6  eV  due  to  Ni-OH  bands,  respectively. 
The  Ni-OH  bands  mainly  come  from  nickel  hydroxide  a-Ni(OH)2, 
(3-Ni(OH)2  and  higher  valence  nickel  oxides  such  as  Ni203  H20, 
p-NiO(OH),  or  4Ni(0H)2  Ni00H  xH20  [16].  In  O  Is  spectrums,  the 
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Fig.  2.  SEM  image  of  NiO  films,  the  insets  are  cross-sectional  images  of  pure  NiO 
(up)  and  Co-doped  NiO  (down),  respectively. 

peak  at  531.3  eV  for  pure  NiO  as  well  as  Co-doped  NiO  indicates 
the  presence  of  Ni-OH  bands,  which  are  consistent  with  Ni  2p3/2 
spectrums.  It  is  likely  that  the  as-prepared  films  contain  higher 
valence  oxides  because  of  the  presence  of  persulfate.  Comparing 
Ols  spectrum  of  pure  NiO  and  Co-doped  NiO  film  shown  in  Fig.  lc 
and  Id,  respectively,  we  found,  first,  that  the  Co-doped  NiO  gives 
rise  to  one  more  Ols  peak  at  529.6  eV,  corresponding  to  CoO.  Sec¬ 
ond,  the  intensity  ratio  of  Ni-OH  bands/NiO  (NiO  and  CoO)  bands 
obviously  decreases  after  doping  of  cobalt.  The  Hall  effect  mea¬ 
surements  suggested  the  obtained  NiO  film  without  cobalt  doping 
was  n-type  which  could  be  mainly  attributed  to  the  present  of  Ni3+ 
[21],  although  NiO  was  not  n-dopable  because  of  the  spontaneous 
formation  of  electron  killer  [27].  The  carrier  concentration  of  pure 
NiO  film  was  1.93  x  1012  cm-3  with  a  mobility  of  40.5  cm2  V-1  s-1 
as  well  as  a  resistivity  of  8  x  1 04  £2  cm.  After  doping  with  Co,  the  as- 
prepared  film  transferred  to  p-typed  due  to  Co2+  partially  substitute 
Ni3+.  The  concentration  of  majority  carrier  was  6.95  x  1015  cm-3, 
coupled  with  a  mobility  of  17.2  cm2  V-1  s-1  as  well  as  a  resistivity 
of  52.28  £2  cm.  Based  on  the  above  results,  it  is  reasonable  to  deduce 
that  the  as-prepared  NiO  films  contain  higher  valence  oxides  con¬ 
sisting  of  Ni203  H20,  P-NiO(OH),  or  4Ni(0H)2  Ni00H  xH20,  and 
their  amount  is  so  small  that  beyond  the  detection  limitation  of 
XRD  but  XPS.  After  doping  with  Co,  the  Co2+  partially  substituted 
Ni3+,  resulting  in  an  increase  of  hole  concentration,  and  therefore 
an  enhanced  p-type  conductivity,  which  is  useful  to  reduce  the 
charge  transfer  resistance  during  the  charge/discharge  process.  It 
is  expected  that  the  electrode  materials  with  an  enhanced  intrin¬ 
sic  electronic  conductivity  should  result  in  good  electrochemical 
performance  when  they  are  applied  to  lithium  ion  batteries. 

Fig.  2  shows  the  SEM  image  of  Co-doped  NiO  nanoflake  arrays 
film.  The  NiO  film  is  uniform  in  appearance,  exhibiting  nanoflake 
arrays  and  cellular  like  morphology,  which  is  the  result  of  a  com¬ 
petition  between  heterogeneous  film  growth  on  the  substrate  and 
homogeneous  growth  and  aggregation  leading  to  particle  forma¬ 
tion  [16].  However,  it  is  observed  that  no  film  appears  under 
the  same  preparation  condition  of  pure  NiO  thin  film  if  NiS04 
is  replaced  by  C0SO4.  Neither  raising  temperature  nor  increasing 
the  amount  of  oxidizer  (I<2S204)  can  obtain  film.  Unless  CoS04 
decreases  to  a  certain  amount,  the  Co-doped  NiO  thin  film  will 
not  be  obtained,  but  particles.  Second,  the  adding  of  CoS04  signif¬ 
icantly  affects  the  growth  of  NiO  film,  which  can  be  confirmed  by 
the  film  thickness  obtained  from  the  SEM  images  of  cross  section 
of  both  samples.  This  can  be  attributed  that  cobalt  (II)  hydroxide 
additive  inhibits  the  transition  from  (3-Ni(OH)2  to  7-NiOOH  [28], 
while  ions  with  higher  valence  states  are  more  prone  to  undergo 
hydrolysis  and  precipitate  as  hydroxides  or  oxides  than  those  with 
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Fig.  3.  CV  curves  of  pure  NiO  and  Co-doped  NiO  electrodes  at  a  scan  rate  of  0.1  mV  s-1 
between  0  and  3.0  V:  (a)  the  first  cycle,  (b)  the  second  and  third  cycles. 


lower  valence  states  [29].  In  addition,  EDX  analysis  indicated  the 
atomic  ratio  of  Ni  and  Co  is  9:1.  It  is  noted  that  cobalt  doping  and 
post  heat  treatment  do  not  change  the  morphology  of  the  prepared 
films. 

For  comparison  on  the  electrochemical  performance,  especially 
rate  capability,  we  deliberately  decreased  the  deposition  time  of 
pure  NiO  to  20  min  to  obtain  an  approximate  thickness  of  both 
films  (about  360  nm).  The  reaction  mechanism  of  NiO  by  Li  was 
well  demonstrated  in  previous  reports  [2,30-33].  It  first  involved 
the  formation  of  highly  reactive  nickel  nanograins,  which  was  the 
key  to  enable  the  formation-decomposition  of  Li20  upon  subse¬ 
quent  cycles,  dispersed  into  Li20  matrix,  followed  by  the  growth 
of  an  organic  coating  that  partially  dissolved  upon  the  subse¬ 
quent  charge  while  Ni  converted  back  to  NiO  nanograins.  It  can 
be  described  by  the  electrochemical  conversion  reactions  [2]: 

discharge 

NiO  +  2Li+  +  2e  Li20  +  Ni.  The  CV  curves  of  pure  NiO  and 

charge 

Co-doped  NiO  electrodes,  as  shown  in  Fig.  3,  reflect  the  above 
reaction  mechanism.  For  the  Co-doped  NiO  electrode  in  the  first 
cycle  (Fig.  3a),  a  main  cathodic  peak  is  observed  at  about  0.45  V 
and  a  low-intensity  peak  near  1.3  V  correspond  the  reduction  of 
NiO  to  metallic  Ni  nanoparticles  and  the  formation  of  a  partially 
reversible  SEI  layer  whose  composition  includes  Li2C03,  ethylene- 
oxide-based  oligomers,  LiF,  and  lithium  alkyl  carbonate  [31,34]. 
Anodic  peaks  at  around  0.5  V  and  1.41V  correspond  to  the  par¬ 
tial  decomposition  of  the  polymeric  coating  on  the  NiO  surface, 
while  the  decomposition  of  Li20  and  nickel  converted  back  to  NiO 
nanograins  for  another  anodic  peak  at  2.32  V.  These  results  are  con¬ 
sistent  with  previous  reports  [25,35].  For  the  pure  NiO  electrode, 


Y.J.  Mai  et  al.  /  Journal  of  Power  Sources  196  (201 1 )  6388-6393 


6391 


Fig.  4.  Nyquist  plots  (the  symbols)  of  both  NiO  electrodes  and  the  fitted  spec¬ 
tra  (the  continuous  lines)  in  the  potential  of  about  2.7  V  (vs.  Li/Li+)  after  several 
discharge/charge  cycles.  The  inset  is  the  equivalent  electrical  circuit. 


the  cathodic  peak  shifts  to  0.39  V,  and  these  anodic  peaks  shift  to 
1.56  and  2.33  V,  respectively.  It  is  found  that  in  the  first  cycle,  the 
intensity  of  cathodic  peaks  for  Co-doped  NiO  electrodes  at  near 
1.3  V  is  much  stronger  than  that  for  pure  NiO,  which  are  mainly 
attributed  to  the  improved  electronic  conductivity  of  Co-doped  NiO 
electrode,  facilitating  the  charge  transfer  needed  for  redox  pro¬ 
cesses  of  solvent  molecules  in  electrolyte  relating  to  the  formation 
of  SEI  layer.  The  integral  area  of  anodic  peak  locating  at  near  1.41  V 
is  larger  than  that  for  pure  NiO  electrode,  indicating  more  dissolu¬ 
tion  of  organic  coating  upon  the  subsequent  charge  for  Co-doped 
NiO  electrode.  The  separation  between  the  reduction  and  oxida¬ 
tion  peaks  of  the  Co-doped  NiO  electrode  decreases  as  compared 
to  that  of  pure  NiO  electrode,  indicating  weaker  polarization  and 
better  reversibility.  This  separation  is  also  observed  in  the  follow¬ 
ing  cycles,  as  shown  in  Fig.  3b.  In  addition,  the  peak  intensity  and 
integral  areas  of  the  Co-doped  NiO  electrode  are  larger  than  those  of 
pure  NiO,  indicating  that  more  reactions  toward  Li+  occur  in  the  Co¬ 
doped  NiO  electrode.  The  incorporation  of  cobalt  affects  both  the 
ionic  and  the  electronic  conductivity  of  the  active  material,  result  in 
a  better  electrode  utilization  and  improvement  of  reaction  kinet¬ 
ics  [36],  which  is  favorable  in  the  application  of  supercapacitors 
[36,37]. 

The  increased  electronic  conductivity  after  cobalt  doping  is  fur¬ 
ther  demonstrated  by  EIS.  The  Nyquist  plots  are  shown  in  Fig.  4, 
whose  data  are  analyzed  by  fitting  to  an  equivalent  electrical  circuit 
(inset  of  Fig.  4).  Re,  Rsf  and  Rc t  represent  the  electrolyte  resistance, 
surface  film  resistance  and  Li-ion  charge  transfer  resistance  at  the 
interface  between  electrolyte  and  electrode,  respectively.  Given 
to  the  porosity  of  the  measured  materials,  two  constant  phase 
element,  CPEsf  and  CPEct,  were  employed,  instead  of  pure  capac¬ 
itances  [38,39].  Ws  and  Cint  correspond  to  diffusion  components 
like  Warburg  impedance  and  the  intercalation  capacitance,  respec¬ 
tively  [40].  In  Fig.  4,  the  symbols  are  the  experimental  data  whereas 
the  continuous  lines  represent  the  fitted  spectra.  For  the  pure  NiO 
electrode,  two  semicircles  are  observed,  including  the  depressed 
one  located  at  near  9670  Hz,  corresponding  mainly  to  surface  film 
resistance,  and  the  other  at  about  300  Hz,  corresponding  mainly 
to  Li-ion  charge  transfer  resistance.  The  impedance  spectra  for  Co¬ 
doped  NiO  electrode  also  show  two  depressed  semicircle.  However, 
the  diameter  of  the  second  semicircle,  reflecting  the  resistant  of 
Rct ,  reduces  drastically,  indicating  that  the  latter  possesses  lower 
charge  transfer  resistance  than  pure  NiO  electrode.  The  curve  fit¬ 
ting  further  confirms  this  assumption.  It  reveals  the  impedance  of 
Rct  is  28.5  ±  4.8  Q.  for  pure  NiO  electrode,  whereas  it  reduces  drasti- 
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Fig.  5.  Discharge-charge  curves  of  (a)  pure  NiO;  (b)  Co-doped  NiO. 


cally  to  1 9.6  ±  0.3  £2  for  Co-doped  NiO  electrode.  Rsf  is  38.3  ±  3.4  £2 
for  pure  NiO  and  32.9  ±  0.9  Q  for  Co-doped  NiO  electrode. 

The  discharge/charge  curves  of  pure  NiO  and  Co-doped  NiO  elec¬ 
trode  at  low  current  density  of  100  mAg-1  are  shown  in  Fig.  5a 
and  b,  respectively.  For  the  Co-doped  NiO  electrode,  as  shown  in 
Fig.  5b,  two  plateaus  and  a  sloping  potential  range  during  the  first 
discharge/charge  are  well  resolved.  A  narrow  plateau  at  1. 5-0.9  V 
and  a  sloping  part  at  0.6-0.01  V  during  discharge  correspond  to 
the  plateau  at  1.0-1.5V  and  the  sloping  part  at  0.01 -1.0  V  dur¬ 
ing  charge,  indicating  the  formation  and  partially  dissolution  of 
a  SEI  layer,  respectively;  while  a  long  discharge  plateau  at  0.6  V 
and  a  charge  plateau  at  2.0-2.5V  correspond  to  the  reduction  of 
NiO  to  metallic  nickel  nanoparticles  dispersed  into  Li20  matrix 
and  its  oxidation  to  NiO  nanograins  and  decomposition  of  Li20. 
These  results  are  agreed  with  the  above  CV  results.  Wang  and  co¬ 
workers  reported  that  SEI  layer  had  already  started  above  2.0  V 
during  the  first  cathodic  scan  [41],  and  Tarascon  and  co-workers 
also  observed  the  formation  of  SEI  layer  by  ex  situ  TEM  at  the 
sloping  potential  range  of  1  to  0.02  V  [31].  What’s  more,  it  is  well 
known  that  Ni  and  Co  nanograins  can  act  as  the  catalyst  toward 
the  formation/dissolution  of  the  organic  coating.  So,  it  is  reason¬ 
able  to  deduce  that  for  the  present  electrode  materials,  the  SEI 
layer  starts  at  relative  high  potential  of  1.3  V  and  further  grows 
at  lower  potential  (less  than  0.5  V).  And  with  the  help  of  highly 
catalyst  reactive  of  Co  and  Ni  nanograins,  the  formed  SEI  layer 
partially  dissolves  upon  the  subsequent  charge.  The  pure  NiO  elec¬ 
trode  delivers  832.8  mAh  g-1,  637.5  mAh  g-1  and  463.3  mAh  g-1 
for  the  1st,  2nd  and  50th  cycle,  respectively.  The  initial  discharge 
specific  capacity  is  1201  mAhg-1  for  the  Co-doped  NiO  electrode. 
The  discharge  specific  capacity  decreases  to  882.6 mAhg-1  in  the 
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Fig.  6.  Cycling  performances  of  both  NiO  electrodes  at  a  current  density  of 
lOOmAg-1  (a)  and  rate  capability  (b). 

2nd  cycle  and  remains  at  589.5  mAhg-1  after  50  cycles.  As  shown 
in  Fig.  6,  the  Co-doped  NiO  electrode  has  high  specific  capaci¬ 
ties  in  spite  of  at  a  low  current  density  (100  mAg-1)  or  at  a  high 
current  density  (2Ag-1)  compared  to  the  pure  NiO  electrodes. 
What’s  more,  the  Co-doped  NiO  electrode  possesses  excellent  rate 
capability  and  shows  good  capacity  retention  even  at  higher  cur¬ 
rent  rates.  Reversible  and  steady  capacity  of  471  mAhg-1  was 
achieved  at  a  high  current  density  of  2  A  g-1 ,  whereas  1 74  mAh  g-1 
for  the  pure  NiO  electrode.  To  improve  electrochemical  perfor¬ 
mance  of  NiO  in  the  application  of  LIBs,  many  attempts  were 
operated,  including  ZnO-NiO-C  film  (230 mAhg-1)  [42],  three- 
dimensional  porous  NiO  (450 mAhg-1)  [41],  core-shell  structured 
Ni/NiO  (about  200 mAhg-1)  [43],  hierarchically  ordered  porous 
NiO  (518 mAhg-1)  [44].  Compared  with  these  previous  attempts, 
the  present  method  synchronously  considers  optimization  design 
of  electrode  configuration  and  improvement  of  the  lattice  elec¬ 
tronic  conductivity  of  active  materials  and  the  Co-doped  NiO 
electrodes  show  comparable  capacities  at  low  current  density 
( 1 00  mA  g-1 ),  but  better  capacities  and  cycling  performance  at  high 
current  density  (2  A g-1 ). 

It  is  suggested  that  the  high  capacity  and  rate  capability  of 
the  Co-doped  NiO  electrode  come  from  the  unique  hierarchi¬ 
cal  architecture  combined  with  improved  electronic  conductivity 
after  doping  of  Co2+.  The  arrays  configuration  can  facilitate  the 
nanoflakes  to  participate  in  the  electrochemical  reaction  because 
each  nanoflake  is  directly  in  electric  contact  with  the  current  collec¬ 
tor.  The  open  space  between  neighboring  nanoflake  allows  for  easy 
contact  and  diffusion  of  the  electrolyte  into  the  inner  region  of  the 
electrode,  and  the  thin  thickness  of  flakes  enables  the  high  rate  of 
lithium  insertion/removal.  In  addition,  the  cobalt  doping  enhances 


p-type  electronic  conductivity  of  NiO,  resulting  in  improved  kinet¬ 
ics. 


4.  Conclusions 


Co-doped  NiO  nanoflake  arrays  with  a  cellular-like  morphology 
grown  on  Ti  foil  have  been  synthesized  by  CBD  method.  The  addi¬ 
tion  of  C0SO4  significantly  affects  the  growth  of  NiO  film  and  an 
advisable  adding  amount  of  C0SO4  is  important  to  obtain  the  Co¬ 
doped  NiO  film.  The  Co-doped  NiO  electrode  showed  excellent  rate 
capability  and  good  capacity  retention  even  at  a  high  current  rate 
of  2  A  g-1 ,  with  about  1 .7  times  improvement  in  the  reversible  spe¬ 
cific  discharge  capacities  compared  to  pure  NiO.  These  improved 
electrochemical  performances  can  be  attributed  to  the  synergetic 
effect  coming  from  nanoflake  array  configuration,  the  open  space 
and  enhanced  electronic  conductivity  after  doping  of  cobalt.  It  also 
highlight  our  method  is  simple  to  synchronously  obtain  adequate 
electrode  configuration  and  enhancement  in  the  lattice  electronic 
conductivity  of  NiO. 
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